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Rough outline

Day 1: Intro + detectors
How are gamma rays produced and how do we detect them?

Day 2: Rapid transients
How do IACTs observe gamma-ray bursts and other rapidly fading transients?

Day 3: Longer duration transients
What else must be considered for longer duration transients like supernovae?
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Rough outline

Day 2: Rapid transients
How do IACTs observe gamma-ray bursts and other rapidly fading transients?

Day 2b: Phenomenological
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Part 2b. Gamma-ray bursts and related phenomena
MORE ABOUT GAMMA-RAY BURSTS HOORAY

disclaimer: This is from a data analyst POV!
All the theory will be vastly simplified!!!
and some of it might be incorrect ...

Hulk is bursting
with excitement

N 1%
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Gamma-ray bursts

What causes them?
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Gamma-ray bursts
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Gamma-ray bursts

What causes them?
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prompt emission

seconds - minutes

calculate the total
observed energy
(“fluence”)

typically: 107 to 10-4 erg cm-2

reminder: erg = g cm2 s-2
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https://heasarc.gsfc.nasa.gov/docs/objects/grbs/grb_profiles.html
https://ui.adsabs.harvard.edu/abs/2023AstL...49...81P/abstract

Gamma-ray bursts
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Gamma-ray bursts

What causes them?
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prompt emission

seconds - minutes

calculate the total
observed energy
(“fluence”)

typically: 107 to 10-4 erg cm-2
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Gamma-ray bursts
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prompt emission
seconds - minutes
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typically: 107 to 10-4 erg cm-2
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https://iopscience.iop.org/article/10.1088/0004-637X/720/1/862
https://www.astro.ucla.edu/~wright/CosmoCalc.html

Gamma-ray bursts

fluence S:  10-4erg/cm2
distance r: 16 Gpc

«S»\\A.X energy emitted by the source (assuming isotropic):
/\ calculate the total
¢ gy’
observed energy E., = Arr?S ~ 10 erg
(“fluence”)

by comparison, the rest energy of the Sun:
o typically: 107 to 10-4 erg cm-2 =4
prompt emission E@ _ 100" erg

seconds - minutes

> So: GRBs are stellar-sized phenomena (not, e.g., galaxy-sized
. or planet-sized)
Tl me__ release as much energy in minutes as the Sun will in its

entire lifetime
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Gamma-ray bursts

L eren size of emitting region:
variability timescale At 9red

as short as ~ms - 5
Llux d = cAt ~10°m
/\ compare to the radius of Earth:

Ra =06 X 10°m

prompt emission

: SO, emission is occurring in regions smaller than the Earth
seconds - minutes

Time_
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Gamma-ray bursts

{ux

DESY

A

prompt emission
seconds - minutes

Time_

Combining these facts:

GRBs are stellar-sized phenomena

release MQC2 within minutes
emission occurring in regions smaller than the Earth

=> stellar-mass compact objects must be involved

(stellar mass) neutron
black stars
holes



Gamma-ray bursts

What causes them?

%\ULX
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D. A. Perley et al., ApJ 781 (2014)
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Gamma-ray bursts

Putting all the clues together:

GRBs are stellar-sized phenomena (not, e.g., galaxy-sized)

%\%X release M(Dc2 within minutes
/\ emission occurring in regions smaller than the Earth
emission starts out highly variable but then evolves slowly and fades
afterglow stellar-mass compact objects are involved

hours - months

prompt emission

seconds - minutes ‘

> (stellar mass) neutron
‘ black stars
Tl me__ holes
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What causes them?

[NASA’s Goddard Space Flight Center]

internal shocks

outflow moving with a bulk Lorentz factor [init ~ O(100)

external shock
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https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

Gamma-ray bursts

two neutron stars merge
(probably)

or

a massive star collapses

DESY


https://svs.gsfc.nasa.gov/12949
https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

Gamma-ray bursts

4 two populations of GRBs
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(mostly) a massive star collapses
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https://svs.gsfc.nasa.gov/12949
https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

What causes them?

[NASA’s Goddard Space Flight Center]

internal shocks

outflow moving with a bulk Lorentz factor [init ~ O(100)

external shock
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https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

What causes them? What is the central engine?

[NASA's CoguErdSREES Blight Center] £ 7 We know both black holes and neutron stars
’ can produce jets from accreting material

|

[D. Pasham, M. Lucchif

\

B V1. Trippe] For GRBs in particular:

- Simulations can more easily launch jets
with black holes (cannot fully produce for
neutron stars yet); but:

- Neutron star central engine more

naturally explains certain lightcurve features

ICRAR/UVA]

DESY


https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407
https://news.mit.edu/2022/black-hole-jet-astronomy-1130
https://www.icrar.org/neutron_star_jets/

What causes them?

[NASA’s Goddard Space Flight Center]

internal shocks

outflow moving with a bulk Lorentz factor [init ~ O(100)

external shock
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https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

Brief pause while a data analyst tries to explain shock physics

N %
NN &

most relevant for high-energy astrophysical phenomena: relativistic collisionless shocks

Lorentz .
factor

density o

pressure o

DESY

shock ~ discontinuity
in some physical
parameters, transition
in others

shock size is much smaller than
particle’s mean free path
=> electromagnetic interactions
determine the behavior



https://ui.adsabs.harvard.edu/abs/1999ApJ...513..669K/abstract

Brief pause while a data analyst tries to explain shock physics

most relevant for high-energy astrophysical phenomena: relativistic collisionless shocks
charged particles are accelerated at these shocks

(a) ock Fron N\ /7
Upstream i BF t \\\ ///

o Downstream
i \\/ \//

B ! e.g., first order Fermi acceleration:
shocked V'——> °/}//>%,%-> unshocked 9 ) . .

material L particles gain energy with each

: Y material .
5 MHD waves 2 shock crossing
\
= >
MHD waves g\\}%a//’{
=t : T— to actually learn about collisionless shocks:
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https://ui.adsabs.harvard.edu/abs/2016RPPh...79d6901M/abstract

How do we get gamma rays?

(coloring indicates what is relevant to these lectures)

Charged particles are accelerated to high energies before radiating photons
The charged particles can be leptons (e.g., electrons) or hadrons (e.g., protons)

DESY
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How do we get gamma rays?

(coloring indicates what is relevant to these lectures)

Charged particles are accelerated to high energies before radiating photons
The charged particles can be leptons (e.g., electrons) or hadrons (e.g., protons)
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$

synchrotron

N\N\r

inverse Compton

GRB jets have I > 100 => Must have low baryon loading (i.e., not too many heavy things absorbing energy)

=> conditions are most favorable for (leptonic) synchrotron and IC
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GRB photon emission

N V7
N VY
W 7
spectral A depending on who you ask
energy “Band function” L. .
distribution Prompt emission is probably lepton
»S\\AX synchrotron, from particles accelerated ...
2dN
/\ E~E keV-MeV
energy at internal shocks (matter dominated)
prompt emission or

seconds - minutes

by magnetic fields (electromagnetic dominated)

T‘ Me Most likely a combination of the two
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GRB photon emission

spectral A
energy
distribution
E24N

dE

r opt X
P >
energy

afterglow
hours - months
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Time_

depending on who you ask

Afterglow emission is well established as
leptonic synchrotron from external shocks
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https://ui.adsabs.harvard.edu/abs/2014ApJ...781...37P/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJ...781...37P/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJ...781...37P/abstract

GRB photon emission
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depending on who you ask

Afterglow emission is well established as
leptonic synchrotron from external shocks
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https://ui.adsabs.harvard.edu/abs/2008ApJ...683..924C/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...683..924C/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...683..924C/abstract

GRB photon emission

{ux
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afterglow
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“canonical” X-ray afterglow lightcurve

transition from prompt
to afterglow

~-3 late-time central
-~ engine activity?

forward shock
kicks in

4‘~". / jet break
i /
~-1.2
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https://ui.adsabs.harvard.edu/abs/2006ApJ...642..354Z/abstract

GRB photon emission

“canonical” X-ray afterglow lightcurve

transition from prompt
to afterglow

’S’ \ WX ~-3 late-time central

/\ -~ engine activity?

forward shock

afterglow kicks in

1] /
~-12

t,,:103-10% s o~ -2

plateau?

.
.
.
.

[ICRAR/UVA]

=T =T TOAT TS S e ety

DESY

hours - months / jet break


https://ui.adsabs.harvard.edu/abs/2006ApJ...642..354Z/abstract
https://www.icrar.org/neutron_star_jets/

GRB photon emission

“canonical” X-ray afterglow lightcurve

transition from prompt
to afterglow

»S'\\LX ~-3 late-time central
/\ & v engine activity?
forward shock
afterglow LS Y kicks in
hours - months A e 5 jet break
TR
ll /
~-1.2
> t,,:102-103 s t.,:10%-10% s |v~ -2
Tl me__
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https://ui.adsabs.harvard.edu/abs/2006ApJ...642..354Z/abstract

GRB jet break

[D. C. Bailey]
GRB emission is relativistically beamed —
3 =10.0 B8 =0.9 3 =10.99 £ =0.999
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https://commons.wikimedia.org/wiki/File:Relativistic_Beaming.png

GRB jet break

GRB emission is relativistically beamed

8=0.0 3=0.9 3 =0.99 £ =0.999

Break time

- More of the emitting surface becomes
Relativistic - - . . . .
pffecn -\ visible at later times as the jet slows

Jet opening
angle

Gamma—ray s ' — =1/
st , T e / N 102

E e GESS

10° 1078

10-1 10° 10! 102
t (day)
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https://commons.wikimedia.org/wiki/File:Relativistic_Beaming.png
https://ui.adsabs.harvard.edu/abs/2001Natur.414..853W/abstract

GRB photon emission

Afterglow emission: one-zone synchrotron model

>

In general, gamma-ray bursts produce most of the
afterglow via (electron) synchrotron emission

although there are exceptions, and it’s usually not very clear
what it is, and how the synchrotron spectrum should look
depends on a lot of other factors, and there are other
possibilities that could explain the emission, and sometimes
electron synchrotron doesn’t work very well at all ...

DESY. Sylvia J. Zhu | CTAO summer school 2026 | time-domain astronomy | day 2



GRB photon emission

GRB afterglow modeling almost always

v
¢ § assumes a one zone scenario: The same
magnetic field strength is responsible for both
/ the acceleration and the cooling

If we balance the acceleration and cooling
timescales, we can calculate a theoretical
maximum synchrotron photon energy:

In general, gamma-ray bursts produce most of the Epax ~ 0(100) MeV
afterglow via (electron) synchrotron emission (actual value depends on I')

>

DESY


https://ui.adsabs.harvard.edu/abs/2012MNRAS.427L..40K/abstract

GRB photon emission

N GRB afterglow modeling almost always
§ assumes a one zone scenario: The same

/ 4”4/-4 W magnetic field strength is responsible for both

the acceleration and the cooling

If we balance the acceleration and cooling
timescales, we can calculate a theoretical
maximum synchrotron photon energy:

In general, gamma-ray bursts produce most of the Epax ~ 0(100) MeV
afterglow via (electron) synchrotron emission (actual value depends on I')

Inverse Compton is usually invoked for photons =GeV

DESY


https://ui.adsabs.harvard.edu/abs/2012MNRAS.427L..40K/abstract

GRB photon emission

interaction cross section for
(inverse) Compton scattering

photon energy
90° _8-1030 —275¢V
: —— 60 keV
——511 keV
1,46 MeV
—— 10 MeV

180°

>

In general, gamma-ray bursts produce most of the
afterglow via (electron) synchrotron emission

Inverse Compton is usually invoked for photons =GeV

At TeV energies, we expect a very steep spectrum as
the interaction cross section greatly decreases

DESY


https://commons.wikimedia.org/wiki/File:Klein-Nishina_distribution-en.svg

Flux (erg cm s7")

Do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)

GRB 190114C GRB 190829A GRB 221009A

[MAGIC, Nature 575 (2019)] [H.E.S.S. et al., Science 372 (2021)] [LHAASO, Science 380 (2023)]
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https://ui.adsabs.harvard.edu/abs/2019Natur.575..459M/abstract
https://ui.adsabs.harvard.edu/abs/2021Sci...372.1081H/abstract
https://ui.adsabs.harvard.edu/abs/2023Sci...380.1390L/abstract

The three best test cases (imo)

Flux (erg cm2s™)

Flux (erg cm2s7™)

Do we see the inverse Compton component in VHE GRBs?

GRB 190114C

[MAGIC, Nature 575 (2019)]

T T T
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GRB 190829A

[H.E.S.S. et al., Science 372 (2021)]

GRB 221009A

[LHAASO, Science 380 (2023)]

T T T T T

: GRB 190829A

up next
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https://ui.adsabs.harvard.edu/abs/2021Sci...372.1081H/abstract
https://ui.adsabs.harvard.edu/abs/2023Sci...380.1390L/abstract
https://ui.adsabs.harvard.edu/abs/2019Natur.575..459M/abstract

Comparing the VHE GRBs as a population

n<10
data from Liu and Wei 2015
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model from Franceschini et al. 2008

GRB 130427A
GRB 180720B
GRB 190114C
GRB 190829A
GRB 221009A
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102


https://ui.adsabs.harvard.edu/abs/2015GReGr..47..141L/abstract

now let’s talk about GRB 22100%A

time-domain astronomy in realtime

up next: a set of slides from when this GRB went off right at
the start of (or before?) the 2022 Fermi Symposium

DESY. Sylvia J. Zhu | CTAO summer school 2026 | time-domain astronomy | day 2



13:16:59 UTC, GBM triggers (GCN 32636)

“the brightest among the GBM detected
GRBs”

go find Eric Burns if you want more gossip about the
GBM detection

At this time, the source is not visible to BAT

2022-10-09 2022-10-10 2022-10-11 2022-10-12

Sylvia J. Zhu, 10th Fermi Symposium, October 2022




14:10:17 UTC, BAT triggers (GCN 32636),
nearly an hour after the GBM trigger
-> Still bright enough for an image trigger

about the Swift observations

2022-10-09 2022-10-10 2022-1 0-11 2022-10-12

Sylvia J. Zhu, 10th Fermi Symposium, October 2022




14:10:17 UTC, BAT triggers (GCN 32636),
nearly an hour after the GBM trigger
-> Still bright enough for an image trigger

about the Swift observations

2022-10-09

https://astro-colibri.com

N

brightest XRT
afterglow by far

Flux [erg cm™2 s71]

b
GRB 190829A \

2022-10-10 2022-10-11

Sylvia J. Zhu, 10th Fermi Symposium, October 2022

10° 10°
Time since burst [s]

2022-10-12




LAT detected the prompt emission
(GCNs 32637, 32658)

“bright structured emission episode ... temporally
coincident with the GBM main emission episode”

“The highest-energy photon is 99.3 GeV ... 240
seconds after the GBM trigger.”

about the LAT detection

2022-10-09 2022-10-10 2022-10-11 2022-10-12

Sylvia J. Zhu, 10th Fermi Symposium, October 2022




GRB 130427A

X-shooter/VLT: z = 0.151 GRB 180720B

(GCN 32648) GRB 190114C
GRB 190829A

GRB 221009A

but: GBM has strong systematic issues
because the burst was TOO BRIGHT

go find Eric Burns if you want more gossip about
the GBM systematic issues
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2022-10-09 2022-10-10 2022-10-11 2022-10-12

Sylvia J. Zhu, 10th Fermi Symposium, October 2022




LHAASO (GCN 32677)
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‘more than 5000 VHE photons up
to around 18 TeV" !l

(previous record: 4 TeV)
“within 2000 seconds after TO"

10¢ 10!
photon energy (TeV)

GRB 130427A
GRB 180720B
GRB 190114C
GRB 190829A
GRB 221009A

2022-10-09 2022-10-10 2022-10-11

Sylvia J. Zhu, 10th Fermi Symposium, October 2022

2022-10-12




Why have IACTs been so quiet???

full moon (
bad for IACTs :( :(
we cant observe :(:( :(

2022-10-09 2022-10-10 2022-10-11 2022-10-12

Sylvia J. Zhu, 10th Fermi Symposium, October 2022




Why have IACTs been so quiet???

LHA@SO IACTs

. J

18 TeV
. 100 sigma -
‘ 5000 photons ‘
2022-10-09 2022-10-12

Sylvia J. Zhu, 10th Fermi Symposium, October 2022




GRB 221009A

IACTs tried

the IACTs observed as soon as we all could (even during extremely bright moonlight ...)

90 S ——
B Moon
80 P Twilight
I Darkness
70 ) —== Altitude Threshold
=== Alert Time
=) m— Fermi#LAT#687017830
L 60
O,
-
S 50
=
=
< 40
30 e M- . — = L L =% = e . A -
20

09h 11h 13h 15h 17h 19h lh 23h 01h 03h 05h 07h 09h 11h 13h 15h 17h 19h 2lh 23h'01h 03h 05h 07h 09h 11h 13h 15h 17h §9h 21h23R01h

2022-10-10 2022-10-11 2022
Time (utc)

lots of moon

teeny tiny amount of darktime r

GRB Tg
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GRB 221009A

IACTs tried

the IACTs observed as soon as we all could (even during extremely bright moonlight ...)

conversations on 10 October

G Fabian Schuessler 10:47 AM
@ Feedback from the operations channel: observations will start tomorrow. | think we should try to get as much observations as possible. At least one

run with standard settings and then pushing into moonlight until the trigger rates become impossible...

Stefan Ohm 10:59 AM

If | were still OPS lead, I'd suggest to try to go beyond the end of darktime, closely monitor the rates and stop as soon as we hit the predetermined
limit of 10 kHz with the HESS-IU cameras. Before starting observations, I'd reach out to the hess-op +EC list and inform them about what you
propose to do. My guess is that we'll be able to gather a few more minutes, maybe complete a 2nd run, and then pretty quickly hit the wall. If we do
it this way, I'd start the second run already as moonlight observation run. my two cents

09h 11h 13h 15h 17h 19h 21h 23h 01h 03h 05h 07h 09h 11h 13h 15h 17h 19h 21h 23h 01h 03h 05h 07h 09h 11h 13h 15h 17h §oh 21h2 01h

2022-10-10 2022-10-11 2022
Time (utc) lots of moon

teeny tiny amount of darktime '
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GRB 221009A

IACTs tried

the IACTs observed as soon as we all could (even during extremely bright moonlight ...)

conversations on 10 October

G Fabian Schuessler 10:47 AM
@ Feedback from the operations channel: observations will start tomorrow. | think we should try to get as much observations as possible. At least one

run with standard settings and then pushing into moonlight until the trigger rates become impossible...

T TR s e S ek AT T T e THTE ST

Stefan Ohm 10:59 AM

If | were still OPS lead, I'd suggest to try to go beyond the end of darktime, closely monitor the rates and stop as soon as we hit the predetermined
limit of 10 kHz with the HESS-IU cameras. Before starting observations, I'd reach out to the hess-op +EC list and inform them about what you
propose to do. My guess is that we'll be able to gather a few more minutes, maybe complete a 2nd run, and then pretty quickly hit the wall. If we do

it this way, I'd start the second run already as moonlight observation run. my two cents
4 I T T I

4 TR W

. \¢
] e -\x\ed A

| 00:08:08- ihthpl so

pov | start of observations
Observation date: 2022-10-11

Mbarub!

ors opd Darkness Start: 18:04:17 UTC / Duration: 00:31:27

Dear shif

incasea| NO Moonlight tonight

Gav

coordination geeeaswa control room ; camera expert == burst advocate GRB group members g

Zhigiu Huang

DESY.



GRB 221009A

IACTs tried

the IACTs observed as soon as we all could (even during extremely bright moonlight ...)

DESY.

| H.E.S.S. Shift Log 2022-10-11 |

Night: 18:04:21 - 18:38:29
On Shift: Heiko, Kai & Ben

3 x GammaRayBurst_221009

----- > Run List

1 178577 SoftTrigger CT1,2,3,4,5, Crab Nebula ra0.5393d 16:05-16:07 2min, alt 0d, rate OHz getting ready

2 178578 Tracking CT1,2,3,4,5, GammaRayBurst_221009 17:41-17:41 Omin, alt 0d, rate OHz

3 178579 Observation CT1,2,3,4,5, GammaRayBurst_221009 ra-0.74d 18:05-18:37 32min, alt 40d, rate 824Hz 1 full normal

4 178580 MoonlightObservation CT1,2,3,4,5, GammaRayBurst_221009 dec0.7d, 18:40-18:52 12min, alt 0d, rate OHz cameras
SubArray01/Manager: Required process (CT4/CameraTrigger) disappeared! telescoq
Node15/Receiver: CT4 has 99.3421% of missing data
| 5178581 MoonlightObservation CT5, GammaRayBurst_221009 dec0.70d, 18:54-19:20 26min, alt 0d, rate OHz
CT5/Cameralogger: Can't contact subsystem Cameralogger via thrift! Check camera pc of CT5! camera on big telescope ke
| 6178582 PointToHorizon CT5, 19:25-19:25 Omin, alt 0d, rate OHz another 26 min!!

run
3 on small
)es gave up

2pt going for

... because it was really cloudy

Sylvia J. Zhu | CTAO summer school 2026 | time-domain astronomy | day 2



GRB 221009A

IACTs tried

the IACTs observed as soon as we all could (even during extremely bright moonlight ...)

H.E.S.S. observations

[F. Aharonian et al., ApJL 946 (2023)]
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https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..27A/abstract

GRB 22100%A

the IACTs observed as soon as we all could (even during extremely bright moonlight ...)

LST-1 observations
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62-plot for the moon data (Oct. 10) LST-1 light curve using moon and dark data

DESY


https://indico.ict.inaf.it/event/2661/contributions/19210/

GRB 221009A

the BOAT (“Brightest of All Time”)
flux
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GRB 221009A

the BOAT (“Brightest of All Time”)
flux
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GRB 221009A

the BOAT (“Brightest of All Time”)
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GRB 221009A Fermi-GBM (keV - MeV)

The prompt emission was so bright that it caused problems for the detectors &\
e.g.. photons were hitting the detectors faster than the signals could be read out 4

500 0004 ! : : M h’
400 000 -

300 000 1

200 000 | N
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100 000 A

0_

0 100 200 300 400 500 600 700
Time since ty (s)

pulse pileup

DESY


https://ui.adsabs.harvard.edu/abs/2013NIMPA.717...21C/abstract

GRB 221009A Fermi-GBM (keV - MeV)

The prompt emission was so bright that it caused problems for the detectors &\/
e.g.. photons were hitting the detectors faster than the signals could be read out \
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The corrected light curve was even more extraordinary

DESY


https://ui.adsabs.harvard.edu/abs/2023ApJ...952L..42L/abstract

GRB 221009A

the BOAT (“Brightest of All Time”)
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GRB 221009A

the BOAT (“Brightest of All Time”)
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GRB 22100%A

GRB 221009A was at very low Galactic latitudes

[ESA/Gaia/DPAC]

DESY


http://www.esa.int/Science_Exploration/Space_Science/Gaia/Gaia_creates_richest_star_map_of_our_Galaxy_and_beyond

GRB 22100%A

GRB 221009A was at very low Galactic latitudes -> X-ray telescopes saw dust rings

Swift-XRT (0.3 - 10 keV)

NASA/Swift/A. Beardmore (U Leicester)

[ESA/Gaia/DPAC]

DESY


http://www.esa.int/Science_Exploration/Space_Science/Gaia/Gaia_creates_richest_star_map_of_our_Galaxy_and_beyond
https://www.nasa.gov/feature/goddard/2022/nasa-s-swift-fermi-missions-detect-exceptional-cosmic-blast
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.1590V/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...946L..30T/abstract

VHE gamma-ray detectors

LHAASO

S22

LHAASO N 4%
A% O o OE M 3k

Daniel R. étrebe
DESY. Sylvia J. Zhu | CTAO summer school 2026 | time-domain astronomy | day 2


https://commons.wikimedia.org/wiki/File:Winkel_triple_projection_SW.jpg
https://www.nasa.gov/feature/goddard/2017/gamma-ray-telescopes-reveal-a-high-energy-trap-in-our-galaxys-center
https://www.sense-pro.org/portraits/experiments/magic
https://www.eoportal.org/other-space-activities/lhaaso#lhaaso-large-high-altitude-air-shower-observatory
https://www.hawc-observatory.org/
https://www.cta-observatory.org/lst1-passes-cdr/

2022-10-09
Visibility at LHAASO
GRB 221009A
(RA = 288.26° , DEC = 19.77°)
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https://astro-colibri.com
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https://commons.wikimedia.org/wiki/File:Winkel_triple_projection_SW.jpg
https://www.nasa.gov/feature/goddard/2017/gamma-ray-telescopes-reveal-a-high-energy-trap-in-our-galaxys-center
https://www.sense-pro.org/portraits/experiments/magic
https://www.eoportal.org/other-space-activities/lhaaso#lhaaso-large-high-altitude-air-shower-observatory
https://www.hawc-observatory.org/
https://www.cta-observatory.org/lst1-passes-cdr/

the record-breaking LHAASO detection
E 3 [LHAASO Collaboration, Science 380 (2023)]
the BOAT (“Brightest of All Time”)
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[NASA’s Goddard Space Flight Center]


https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407
https://ui.adsabs.harvard.edu/abs/2023Sci...380.1390L/abstract

the record-breaking LHAASO detection

R . [LHAASO Collaboration, Science 380 (2023)]
the BOAT (“Brightest of All Time”)
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https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407
https://ui.adsabs.harvard.edu/abs/2023Sci...380.1390L/abstract

GRB 221009A

the BOAT (“Brightest of All Time”)

For a redshift of 0.151, the EBL absorption has a large effect at E > 10 TeV

and the uncertainty in the EBL is also very important!
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https://ui.adsabs.harvard.edu/abs/2023SciA....9J2778C/abstract

GRB 221009A

the BOAT (“Brightest of All Time”)

For a redshift of 0.151, the EBL absorption has a large effect at E > 10 TeV
and the uncertainty in the EBL is also very important!

assuming an EBL model (Saldana-Lopez et al. 2021) rescaling the EBL model at different wavelengths
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https://ui.adsabs.harvard.edu/abs/2023SciA....9J2778C/abstract

GRB 221009A

the BOAT (“Brightest of All Time”)

For a redshift of 0.151, the EBL absorption has a large effect at E > 10 TeV
and the uncertainty in the EBL is also very important!

[Z. Cao et al., Science Advances 9 (2023)]

: T T T T Ty 'l T T T v s " T T T T T 'l v L v v L e o 'l Al A v T T ll
asss_ummg ] " constraints on the EBL Saldana-Lopez 21 ] it wavelengths
100° —— LHAASO constrained !
E\t ¥  Galaxy counts Lle , . B
te 1 4 Hauser 1998 (DIRBE/FIRAS) { !
10°E ! Lagache 2000 (DIRBE) T
- 5\1 ) ¢  Matsuura 2010 (AKARI)
PR 10'F ®  Zemcov 2014 (CIBER) -
Y 107 T} #  Finkbeiner 2000 (DIRBE) |
g E ,\l," +  Matsuoka 2011 (Pioneer) 1 |
2 F £ ¥ Penin 2012 :
o 10° = 4 Mattila 2017 .
E = E % Driver 2016 ] A
© [ GRB22100f < | \
S10°E
N E —— 230
W -
- —— 300
10 230 0% y
- 300
10_11=I'_l— . PP | R | PP | < AW . PP | 1| L
107" 1077 107 107 107 10° 107 10

N [pm]

DESY. Sylvia J. Zhu | CTAO summer school 2026 | time-domain astronomy | day 2


https://ui.adsabs.harvard.edu/abs/2023SciA....9J2778C/abstract

GRB 221009A

the BOAT (“Brightest of All Time”)

For a redshift of 0.151, the EBL absorption has a large effect at E > 10 TeV
and the uncertainty in the EBL is also very important!

assuming an EBL model (Saldana-Lopez et al. 2021) rescaling the EBL model at different wavelengths
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GRB 22100%A

For a redshift of 8.151, the EBL absorption has a large effect at E > 10 TeV
and the uncertainty in the EBL is also very important!

assuming an EBL model (Saldana-Lopez et al. 2021) rescaling the EBL model at different wavelengths
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GRB 221009A

the BOAT (“Brightest of All Time”)

The bigger MWL picture:

[B. O'Connor et al., Science Advances 9 (2023)]
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So, do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)

Flux (erg cm2s™)

Flux (erg cm2s7™)

GRB 190114C

[MAGIC, Nature 575 (2019)]

T

107 3
108

10-° E

T T

10710
10-7 3

10‘85-
t 110-180's

10-° E

1010
108

DESY.

1 1 !
108 10° 1012
Energy (eV)

77

“yes

E2dN/dE (ergem=2 s 1)

[H.E.S.S. et al., Science 372 (2021)]

GRB 190829A

T

GRB 190829A

10’
Energy (eV)

“no

77

E?dN/dE (ergs cm™ s-1)

3
%

3
3

=l

GRB 221009A

[LHAASO, Science Advances 9 (2023)]

07E

9l
E —®— 230-300s: Intrinsic

F GRB221009A

F —®— 300-900s: Intrinsic
230-300 s: Observed

300-900 s: Observed
!

10™ 1
Energy (TeV)

“no

Sylvia J. Zhu | CTAO summer school 2026 | time-domain astronomy | day 2

E?dN/dE (ergs cm™@ s™)

77

b

230-300 s: Observed

300-900 s: Observed
!

il
Energy (TeV)


https://ui.adsabs.harvard.edu/abs/2021Sci...372.1081H/abstract
https://ui.adsabs.harvard.edu/abs/2023SciA....9J2778C/abstract
https://ui.adsabs.harvard.edu/abs/2019Natur.575..459M/abstract

So, do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)

GRB 190114C GRB 190829A GRB 221009A

Flux (erg cm2s™)

Flux (erg cm2s7™)

[MAGIC, Nature 575 (2019)] [H.E.S.S. et al., Science 372 (2021)] [LHAASO, Science Advances 9 (2023)]
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Pause to talk about systematic uncertainties

How well are we reconstructing the data? How much do we believe our reconstruction?

different reconstruction pipelines, analysis different telescopes have their own
choices, or software can give different results systematic uncertainties
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Do we see the inverse Compton component in VHE GRBs?

Allowing for systematic uncertainties (esp. between instruments) can make a big difference in your result

disclaimer: I'm on this paper
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So, do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)

GRB 190114C GRB 190829A GRB 221009A

Flux (erg cm2s™)

Flux (erg cm2s7™)

[MAGIC, Nature 575 (2019)] [H.E.S.S. et al., Science 372 (2021)] [LHAASO, Science Advances 9 (2023)]
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So, do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)
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So, do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)
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Although others disagree:
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So, do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)
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So, do we see the inverse Compton component in VHE GRBs?

The three best test cases (imo)
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Gamma-ray bursts
Prospects for CTAO?

VHE GRBs seem to be X-ray bright (this is at least partly because of low redshifts, although how much?)
[M. Klinger et al., ApJ 977 (2024)]
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Gamma-ray bursts
Prospects for CTAO?

Assuming a relation between X-ray and VHE emission, we can predict what would be detectable by CTAO
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Gamma-ray bursts

What causes them?

two neutron stars merge
(probably)

DESY.


https://svs.gsfc.nasa.gov/12949
https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=11407

GW170817 + GRB 17/0817A

The only clear case (so far) of multimessenger detections of a neutron star merger
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Pause for gravitational waves

Anything with a changing mass quadrupole moment produces GWs ~ non-axisymmetric and rotating

Animation created by SXS, the Simulating eXtreme Spacetimes (SXS) project (http://www.black-holes.org)
Video and explanation:

DESY


https://www.ligo.caltech.edu/video/ligo20160211v10

Pause for gravitational waves

How do gravitational-waves interferometers work?



https://www.ligo.caltech.edu/video/ligo20160211v6

Pause for gravitational waves

Basic Michelson Interferometer
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Pause for gravitational waves

The network of GW interferometers

Caltech/MIT/LIGO Lab

=

. LIGO Hanford
.’J
k% .LIGO Livingston

Operational

)

DESY. Sylvia J. Zhu | CTAO summer school 2026 | time-domain astronomy | day 2


https://www.ligo.caltech.edu/image/ligo20160211c
https://www.ligo.caltech.edu/image/ligo20150731f
https://www.ligo.caltech.edu/image/ligo20150731a
https://www.ligo.caltech.edu/image/ligo20170927e
https://www.ligo.caltech.edu/image/ligo20191004b

Pause for gravitational waves

Why are GW localizations so uncertain?

GW interferometers individually have very poor localization capabilities
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https://agenda.infn.it/event/21318/contributions/107923/attachments/69584/108122/GWdetectors-observations-part3-short.pdf

Pause for gravitational waves

GW interferometers individually have very poor localization capabilities
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GW170817

GW 170817 was ~detected by three GW interferometers
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GW170817

GW 170817 was ~detected by three GW interferometers
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GW170817 + GRB 17/0817A

The only clear case (so far) of multimessenger detections of a neutron star merger
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of Fermi GBM trigger 524666471/170817529 at gps time 1187008884.47 g 1200001 (> 100 keV)
(Thu Aug 17 12:41:06 GMT 2017) with RA=186.62deg Dec=-48.84deg and an error radius of g 117500 4
17.45deg. =
E 115000 A
The candidate is consistent with a neutron star binary coalescence with .
False Alarm Rate of ~1/10,000 years. 2 112500 1
An offline analysis is ongoing. Any significant updates will be provided I Gravitdtionaliwave Hme fequeny’ map
by a new Circular 5 500
200
&
g 100
=

50
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[B. P. Abbott et al., ApJL 848 (2017)]
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https://gcn.gsfc.nasa.gov/other/G298048.gcn3
https://iopscience.iop.org/article/10.3847/2041-8213/aa920c

GW170817 localization

Adding the electromagnetic detections

GW+GRB localization

GW-only localization
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[B. P. Abbott et al., PRL 119 (2017)] [B. P. Abbott et al., ApJL 848 (2017)]
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https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..12A/abstract
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119p1101A/abstract

GW170817 localization

Adding the electromagnetic detections

GW-only localization
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[B. P. Abbott et al., PRL 119 (2017)]

GW+GRB localization
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[B. P. Abbott et al., ApJL 848 (2017)]
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https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..12A/abstract
https://ui.adsabs.harvard.edu/abs/2017PhRvL.119p1101A/abstract

GW170817 + GRB 17/0817A

The only clear case (so far) of multimessenger detections of a neutron star merger
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[B. P. Abbott et al., ApJL 848 (2017)]
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https://iopscience.iop.org/article/10.3847/2041-8213/aa920c
https://iopscience.iop.org/article/10.3847/2041-8213/aa920c

GW170817 + GRB 17/0817A

The only clear case (so far) of multimessenger detections of a neutron star merger

The lightcurves were odd when compared to the rest of the GRB population
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[B. P. Abbott et al., ApJL 848 (2017)]
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[S. Makhathini et al.,
Apd 922 (2021)]
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https://iopscience.iop.org/article/10.3847/2041-8213/aa920c
https://ui.adsabs.harvard.edu/abs/2021ApJ...922..154M/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...922..154M/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...922..154M/abstract

GW170817 + GRB 17/0817A

an off-axis GRB

Explanation: We were observing a GRB from outside of the (core of the) jet

modified from [B. P. Abbott et al., ApJL 848 (2017)]

4

Rotation Axis Rotation Axis L.
Viewing Angle

e

Uniform Uniform
Core Core

Structured Structured
Jet Jet
Central Engine Central Engine
most GRBs are observed on-axis GRB 170817A was observed off-axis
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https://iopscience.iop.org/article/10.3847/2041-8213/aa920c

Reminder: GRB 221009A’s jet break

looking down the core of a structured jet

The bigger MWL picture:

[B. O'Connor et al., Science Advances 9 (2023)]
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https://ui.adsabs.harvard.edu/abs/2024icrc.confE.705M/abstract
https://ui.adsabs.harvard.edu/abs/2023SciA....9I1405O/abstract

“standard” GRBs

on-axis

GRB emission is relativistically beamed
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ang!e
SL?rr;‘tma'raY [ For a standard on-axis GRB:
More of the emitting surface becomes
visible at later times as the jet slows

E e GESS
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https://commons.wikimedia.org/wiki/File:Relativistic_Beaming.png
https://ui.adsabs.harvard.edu/abs/2001Natur.414..853W/abstract

GW170817 + GRB 17/0817A

an off-axis GRB simulations by Geoffrey Ryan, Perimeter Institute
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GRB looks very different o
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GW170817 + GRB 170817A

an off-axis GRB

Late-time radio images showed superluminal motion

[K. P. Mooley et al., Nature 561 (2018)]
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https://ui.adsabs.harvard.edu/abs/2018Natur.561..355M/abstract
http://spiff.rit.edu/classes/phys200/lectures/superlum/superlum.html

GW170817 + GRB 17/0817A

Event rate (counts/s)
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the two signals were
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This delay is (likely) because of the delay in producing
gamma rays, but if we make some assumptions, we can
calculate the relative difference between the speed of

light and speed of gravity AV = vow — Vem

3% 1015 < 2 < 17 % 10716

f VEM

assume photons were emitted some
(unreasonably) long time after the
gravitational waves (here, 10s)

assume photons and
gravitational waves were
emitted simultaneously


https://iopscience.iop.org/article/10.3847/2041-8213/aa920c

IACT observations of GRB170817A
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H.E.S.S. serendipitously observed the correct

gravitational-wave localization sky position in its first tile

gamma-ray burst localization
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https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..12A/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...850L..22A/abstract

IACT observations of GRB170817A
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https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..12A/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...850L..22A/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...850L..22A/abstract

IACT observations of GRB170817A

deep in the afterglow phase

[A. Stamerra et al., ICRC (2021)] [H. Abdalla et al., ApJL 894 (2020)]
T T T T T T 10_11 3
= Structured jet synchro + SSC M%G-IC L —— 210 uG
10712+ Makhathini+20 . N H.E.S.S. differential
b axhathints 10712} 220 pG upper limits
F ---- 24 4G
Tm 10714
&
o
£
L,
w 10-16
S
=
ie}
O
10—18
i
PRELIMINARY :
=20 1 1 1 1 1 1 — \ | A L ) M 1
10 10°® 1073 100 10° 106 10° 1012 1015 10 ]180*6 1073 100 103 106 109 1012 1613

Photon energy [eV] E.(eV)

MAGIC and H.E.S.S. also observed the position at late times
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https://ui.adsabs.harvard.edu/abs/2020ApJ...894L..16A/abstract
https://ui.adsabs.harvard.edu/abs/2022icrc.confE.944S/abstract

